In general, acidosis increases and alkalosis decreases the rates of gluconeogenesis in vitro (4, 6).
In vivo, renal glucose production has been studied by measuring the differences in glucose concentration between renal venous and arterial (RV-A) blood or plasma. In the dog, using a method for fermentable reducing sugars, Reinecke and Hauser (11) found blood RV-A values of zero in normal conditions, and as high as 11 mg/lOO ml 2-3 hr after evisceration.
In the rat, using the same method, Roberts and Samuels (12) found blood RV-A values of zero in intact, fasted animals, of 3 mg/ 100 ml in eviscerated fed rats, and of 18 mg/ 100 ml in eviscerated fasted rats. Even with the use of the glucose oxidase method, a more specific and sensitive procedure than that for fermentable reducing sugars, McCann and Jude (9) found in normal, unanesthetized dogs, plasma RV-A differences of only 1.9 mg/lOO ml. Steiner, Goodman, and Treble (13), employing a modified automated glucose oxidase technique to increase sensitivity, reported blood RV-A values of 0.09 mg/lOO ml in control dogs and of 0.34 mg/lOO ml in chronically acidotic dogs.
The results of the studies on renal glucose production in vivo, cited above, clearly point out the difficulties in studying the effects of the acid-base balance of the body on renal glucose production using chemical methods. Renal venous and arterial values below 2 mg/lOO ml even in conditions expected to stimulate renal gluconeogenesis such as chronic metabolic acidosis (13), are slightly above the limit of sensitivity of the standard glucose oxidase method (5). For these reasons, to study the effects of changes of acid-base equilibrium on renal gluconeogenesis in the dog, we supplemented the chemical measurements of glucose production with isotopic determinations as follows. During infusion of tracer amounts of a 14C-labeled glucose precursor into a renal artery, samples of renal venous and arterial plasma were analyzed for glucose concentrations, using the standard glucose oxidase method, and for radioactivity of 14C-labeled glucose. In these conditions, release of 14C-labeled glucose by the kidney indicates gluconeogenesis from the precursor administered.
In brief, using the chemical analysis we could not detect renal glucose production in normal dogs, nor in dogs in chronic metabolic acidosis, acute metabolic alkalosis, and acute respiratory acidosis or alkalosis. However, in all cases renal gluconeogcnesis was detected by isotopic means.
I n general, the rates of renal release of 14C-glucose, measured in two different states of acid-base balance in each dog, were highest in the relatively more acid state. They were stimulated by increasing plasma PCO~ levels (breathing CO,) and depressed by decreasing plasma Pcos levels (mechanical hyperventilation). This study shows that gluconeogenesis in dog kidney can be demonstrated without increasing precursor availability, that it occurs even when the kidney extracts net amounts of glucose from arterial blood, and that it may be affected by changes in the acidbase balance of the body. In terms of loads, the infused rates were 0.33 prnoles/rnin of cu-ketoglutarate, 0.02 pmoles/min of malate, or 0.23 pmoles/min of glutamine. These are tracer amounts. We tried not to exceed them to avoid inducing gluconeogenesis by exogenous loading with precursors.
In 10 experiments, after 5 min of equilibration with the infusion containing radioactive substrate, a lo-min urine collection was started. We drew simultaneous arterial and renal venous blood samples during an interval of 4 min, between 3 and 7 min of the clearance period. The rationale for this timing is presented in RESULTS and Fig. 1 . In each dog, we obtained two clearance periods as described, each in a different state of acid-base balance.
Analytical methods. The determinations of blood and urine pH, plasma Pcoz and bicarbonate, creatinine in plasma and urine, and p-aminohippurate in blood and urine were done as described previously (1). Plasma for glucose analysis was obtained by centrifuging blood in Vacutainer tubes containing potassium oxalate and sodium fluoride; the latter prevents glycolysis (5). Plasma glucose was determined in filtrates prepared according to the Somogyi method (9), using the glucose oxidase method (5, 8). The standard error (SE) of multiple determinations of glucose concentration in a single plasma sample was 0.043 mM. Recoveries of glucose In a few instances, we observed net extraction and net production of glucose (these cases are also included in Table 1) , not related to a specific state of acid-base balance, to glomcrular filtration rates, nor to renal plasma flow rates. The cxtrcme RV-A values were -1.07 pmole/ml, corresponding to extraction of 146 pruoles/nlin in a dog in acute respiratory acidosis, and +0.70 ~mole/ml, corresponding to production of 94 pmoles/min in a dog in chronic metabolic acidosis. However, there was no consistent pattern in any condition listed.
Initially
we had planned to study the effects of acid-base balance on renal gluconeogenesis induced by precursor administration, following the experimental design of in vitro studies. Accordingly, a-ketoglutarate was infused intravenously at 500 jmioles/rnin, into a normal dog and into a chronically acidotic dog; and citrate was infused intravenously at 250 ~moles/min, into one normal and two Table 2 are not statistically significant (P > .05). Th e wide ranges of counts/min per min and large values of SEM point out a great deal of overlapping among the various conditions, based on marked differences in counts/min per min observed from dog to dog. We could not relate these differences to the precursor used, to glomerular filtration rates, nor to the rates of renal plasma flows. To illustrate, infusion of ar-ketoglutaric acid-14C yielded 978 net counts/min per min of glucoseJ4C in one dog in chronic metabolic acidosis, and 15,500 counts/ min per min in another dog in the same condition.
For this reason, it is not possible to conclude from this group data whether acid-base changes affect renal release of labeled glucose.
Thus, to study whether changes of the acid-base state affect renal release of glucoseJ4C in the same dog, counts/ TAB rena LE 2. Renal glucose production determined simultaneously using glucose oxidase method, with determinations 1 release of glucose -V during renal intra-arterial infusion of 14C-labeled cu-ketogluturic acid, malic acid, or glutamine in 12 dogs in normal and altered acid-base balance of an acute alteration of acid-base balance. Due to the high cost of labeled precursors, we did not infuse them throughout the entire experiment. Rather, the labeled precursor was given only for 12 min in each of the two conditions studied in each dog. Eight minutes were alloted for equilibration, and 4 min for withdrawal of blood samples. The choice of this procedure is based on results obtained in three preliminary experiments in which radioactivity of renal venous glucose was determined between 45 set and 28 min after beginning the renal intra-arterial infusion of radioactive a-ketoglutaric acid. The results are shown in Fig. 1 .
As seen in Fig. 1 , radioactivity of renal venous glucose increases steeply in the 1st 3 min, then slowly until at about 5 min plateau levels are attained and maintained for as long as 28 min. In experiments 4 and 5, blood samples were drawn in less than 1 min, whereas in experiment 7, they were drawn over a period of several minutes, with midpoints at 10 and 20 min. The difference in SA of two samples separated by a lo-min interval is less in experiment 7 than in experiments 4 and 5. Accordingly, in all subsequent experiments timeintegrated samples were drawn. If one subtracts the SA of arterial glucose from the SA of renal venous glucose, the difference also decreases. From the results in Fig. 1 we assumed that determinations of SA of glucose-14C in samples of renal venous and arterial plasma drawn between 8 and 12 min of inflow of 14C-labeled precursor represent values in steady-state conditions. Thus, to minimize the amounts of precursor used, a IO-min clearance period was started 5 min after beginning the radioactive infusion. Blood samples were drawn between 8-12 min of infusion. Then, it was replaced by one of isotonic NaCl at equal rate. After the clearance period was over, the desired change of acid-base balance was induced. After 40-49 min, the whole procedure was repeated. Since PAH secretion is depressed by a-ketoglutaric acid (2), it is conceivable that measurements of RBF and RPF in the conditions of these experiments, using PAH, are not valid. Thus, in all cases RPF was also determined using the creatinine concentrations in arterial and renal venous plasma and in urine, according to the Wolf equation (14). The values for RPF obtained using both methods did not differ (P >> . OS), a fact predictable from the very low doses of cu-ketoglutaric acid infused. Figure 2 shows the results of 10 experiments performed as described above on 10 different dogs. In each, the results of the two clearance periods are arranged so that the left bar corresponds to measurements at the lowest plasma Pco2 levels of each pair, and with one exception (experiment 21), at the highest blood pH of each pair. In the first three experimcnts, the initial determinations (left bars) were during spontaneous respiratory acidosis in experiment 15, mild chronic metabolic acidosis in experiment 13, and acute metabolic alkalosis induced by sodium bicarbonate infusion in experiment 9. The infusion was discontinued after the initial period. Breathing CO2 (right bars) enhanced the rates of net release of glucose-14C.
In experiments 10, II, and 14 the initial measurements (right bars) were during chronic metabolic acidosis in experiments 10 and 14 and in combined respiratory acidosis and mild metabolic acidosis in experiment II. Mechanical hyperventilation (left bars) depressed the rates of release of glucoseJ4C. Thus, in all the first six experiments, the highest rates occurred during the period in which plasma PCO~ was higher and blood pH lower, irrespective of the chronological sequence of events. The mean rate of net release of 14C-labeled glucose at the lower plasma Pcoz level in these six experiments is 36 % of the maximal obtained at the higher PCO~ level. This difference is statistically significant (P < . 005) .
In of PCO~ was associated with depression of release of glucose-14C, in this case marked enhancement occurred.
We have no explanations for this finding.
with a variability of about 4 % of the mean in replicate measurements in a single sample (5).
DISCUSSION
Although in normal dogs we found renal glucose production of 0.1 mM or 1.8 mg/lOO ml in plasma (Table 1 ), in agreement with that reported by McCann and Jude (9) for unanesthetized dogs, of 1.9 mg/lOO ml in plasma, the value has no statistical significance in our study due to the variability in the dog population. McCann and Jude's (9) finding of renal glucose production of 0.97 mg/lOO ml in blood, is also higher than that of Steiner et al. (13) for anesthetized normal dogs of 0.09 mg/lOO ml in blood, even though they used a modified procedure to increase sensitivity. The latter authors also report increased production in chronic metabolic acidosis to 0.34 mg/lOO ml in blood, a finding that we failed to confirm in plasma using the standard method.
If renal production of glucose increases in chronic acidosis, or during administration of precursors such as a-ketoglutarate, the increment in rates is less than about 16 pmoles/min from the considerations that follow. If one assumes RPF of about 200 ml/min, and increased renal glucose production to raise renal venous concentration by 1.5 mg/lOO ml or 0.08 mM, i.e., levels detectable by chemical means, net rates of glucose release correspond to about 16 pmoles/min. The results obtained in this study on anesthetized dogs in The appearance of glucose-14C in renal venous blood various states of acid-base balance indicate that, on an during intra-arterial infusion of 14C-labeled precursors average, renal extraction or production of glucose is nil (Fig. 1) indicates that the kidney is synthesizing and releas- (Table 1) , although in isolated instances, either may amount ing newly formed glucose from its pool of precursors, since to considerable proportions. These results are hardly surthe exogenous doses given were tracer amounts. Inferentially, prising since glucose was analyzed using the standard gluthe rates of renal gluconeogenesis must be very small, since cose oxidase method, with a sensitivity of 1 mg/lOO ml and net production is not detectable (Table 2 ).
